A fully-nonlinear and strongly-dispersive internal wave equation model was used to investigate the interaction between internal solitary waves in a two-dimensional plane in order to clarify the resonance of fully-nonlinear internal solitary waves, which is one of the reasons for the occurrence of large amplitude solitary waves (LASW). The 3rd order theoretical solutions for internal waves in a two-layer system was used as initial conditions and a "stem" was confirmed to occur when the incident wave angle was less than certain critical angle. This study revealed the occurrence of LASW by using a fullynonlinear and strongly-dispersive internal wave equation model.
Introduction
Large amplitude solitary waves (LASW) have often been observed in the ocean, though the mechanism of their formation remains to be determined. Previous studies have shown that LASW may be caused by solitary resonance, with a weekly nonlinear wave model in a two-dimensional domain suggesting that resonance may amplify a wave several times relative to the original wave [1] [2] . The LASW has been shown to occur due to a "stem" induced by solitary resonance when the incident internal wave angle is less than critical angle in a two-dimensional horizontal plane. However, as these solutions were obtained using a weakly nonlinear wave model, strongly nonlinear wave effects are expected to change the amplification rate of the solitary waves.
Thus, we derived and approved third-order internal solitary wave equations based on the ninth-order solitary wave equations [3] by using a fully nonlinear and strongly dispersive internal wave model (FSI model; Kakinuma [4] , Nakayama and Kakinuma [5] ). This study aimed to reveal the mechanisms by which freak waves may occur due to solitary resonance by using the FSI model.
Theoretical Solution of Internal Solitary Wave and FSI Model

3rd Order Internal Solitary Wave Equation
The 3rd order internal solitary wave equation was derived by Nakayama et al. [6] by using the 9th order internal wave equations [3] (Figure 1 ). The shape of the internal solitary wave was obtained from Eqs. (1) to (9). For more details, please see Nakayama et al. [6] . 
where  1 and  2 indicate the density in the upper and lower layers, H and h 0 indicate the total and lower layer thickness,  is the interfacial displacement, p 1 and p 2 indicate the pressure in the upper and lower layer, a is the amplitude of internal solitary wave, h is the interfacial level, K is the coefficient regarding spatial scale, A ij (i, j = 1~3) indicates the coefficient for interfacial displacement and C i (i = 1~3) indicates the coefficient of wave speed. The upper and lower layer thicknesses were given as 0.20 m and 0.8 m, respectively, the density ratio of the two layers was 1.000/2.000, and the amplitude was given 0.8x0.05 m. Nakayama and Kakinuma [5] revealed that the 3rd order solutions provide a more expanded internal solitary wave, which was also confirmed in the present study ( Figure 2 ). 
FSI model
In the FSI mode, the velocity potential is expanded using a power function, which includes a larger the order and thus a more accurate solution is obtained. Nakayama and Kakinuma [5] demonstrated that the 3rd order is enough to duplicate internal solitary waves. However, runtime costs are quite expensive in a two-dimensional horizontal plane computation when the 3rd order is included in the FSI model. Therefore, we investigated the applicability of the 2nd order FSI model (Figure 3) . Mesh numbers were 1000 x 500, with a mesh size of 0.3 m and the computation carried out up to 200 s. Although the shape of the internal solitary wave was relatively uniform, the absolute amplitude deceased and smaller amplitude internal waves were found to appear. Nakayama et al. [6] confirmed the shape of the internal solitary wave by using the same order FSI model up to 30 s, but it is apparent that longer computation is needed in order to investigate the stability of the internal solitary wave. To compute the resonance of two solitary waves, we applied oblique boundary conditions for an incident solitary wave in the computational domain, as proposed by Funakoshi [2] (Figure 4) . Seven different cases were chosen by changing the incident wave angle; 10, 15, 20, 25, 30, 35 and 40 degrees (case 1 to case 7). With the same internal solitary wave conditions shown in the section 2, this resulted in a critical angle of 33.4 degrees. For each case, the mesh numbers were given as 1400 x 480 (case 1), 1200 x 560 (case 2), 1000 x 600 (case3) and the same size was given to the other cases for case 4 to case 7. To save computational time, the actual computational region was limited to the 150 meshes around the incident internal solitary wave, which corresponds to 45 m in the x coordinate. Elsewhere, a sponge layer was applied to reduce the reflection from the outside of the actual computational region.
Solitary Resonance
Computational Domain
Case 1 to Case 3: Occurrence of "stem"
A "stem" was found to occur when the incident wave angle was less than the critical angle, and the "stem" length was confirmed to decrease with increasing incident wave angle for cases 1 to 3 ( Figure 5 to Figure 7 ). Since the amplitude of internal solitary wave decreased in the section 2, the estimated critical angle may be smaller than 33.4 degrees. Therefore, the "stem" was found to occur in cases 1 to 3 when the incident wave angle was apparently less than 20 degrees. As it is demonstrated by Tsuji and Oikawa [1] , the development of the "stem" is faster when the incident wave angle is less, such as in comparison between cases 2 and 3. Therefore, it seems to take longer for sufficient amplification of the "stem" when the incident wave angle is smaller. Although the amplification of the "stem" did not reach steady state, the maximum ratio of the LASW compared to the internal solitary wave was 2.7 in case 3. 
Case 4 to Case 7: Normal reflection of Internal Solitary Wave
In cases 4 to 7, normal reflection of internal solitary wave was confirmed though the "stem" may have occurred to a slight extent in case 4 ( Figure 8 and Figure 9 ). In these cases, the amplification of the internal solitary wave is likely to reach steady state faster than under the "stem" cases, and the increase in the amplitude is around or a little more than 2. Therefore, the case comparison confirms that the "stem" is important for the occurrence of LASW, as shown in previous studies, even though fully-nonlinear and strongly-dispersive effects are included in analysis using the FSI model. 
Conclusions
This study provided the following conclusions: 1. A "stem" was confirmed to occur in a two-dimensional horizontal plane, as proposed by Funakoshi [2] .
2. The development of the "stem" length was faster when the incident wave angle was less. 3. The amplification ratio was found to be more than 2.7, which shows the success of the reproduction of LASW.
